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To examine the mechanisms of cell locomotion within a three-dimensional (3-D) cell mass, we have undertaken a
systematic 3-D analysis of individual cell movements in the Dictyostelium mound, the first 3-D structure to form during
development of the fruiting body. We used time-lapse deconvolution microscopy to examine two strains whose motion
represents endpoints on the spectrum of motile behaviors that we have observed in mounds. In AX-2 mounds, cell motion
is slow and trajectories are a combination of random and radial, compared to KAX-3, in which motion is fivefold faster and
most trajectories are rotational. Although radial or rotational motion was correlated with the optical-density wave patterns
present in each strain, we also found small but significant subpopulations of cells that moved differently from the majority,
demonstrating that optical-density waves are at best insufficient to explain all motile behavior in mounds. In examining
morphogenesis in these strains, we noted that AX-2 mounds tended to culminate directly to a fruiting body, whereas KAX-3
mounds first formed a migratory slug. By altering buffering conditions we could interchange these behaviors and then found
that mound-cell motions also changed accordingly. This demonstrates a correlation between mound-cell motion and
subsequent development, but it is not obligatory. Chimeric mounds composed of only 10% KAX-3 cells and 90% AX-2 cells
exhibited rotational motion, suggesting that a diffusible molecule induces rotation, but many of these mounds still
culminated directly, demonstrating that rotational motion does not always lead to slug migration. Our observations provide
a detailed analysis of cell motion for two distinct modes of mound and slug formation in Dictyostelium. © 1999 Academic PressKey Words: morphogenesis; Dictyostelium; development; cell motion.
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jINTRODUCTION
Cell movement is a central feature of numerous develop-
mental processes, including gastrulation, mesenchymal cell
migration, and organogenesis. Many studies have looked at
individual cells moving on a solid substrate, providing
insights into the way cells crawl in vitro. However, the
situation for a cell crawling within a three-dimensional
(3-D) cell mass is much more complicated and far less well
studied. Within a 3-D mass, a cell forms contacts on many
or all sides; a cell’s leading edge must displace cells in front
of it in order to move forward, and a moving cell must both
use and be used by other cells as a surface to crawl upon.
Morphogenesis in Dictyostelium is in many ways ideal for
1 Present address: Exelixis Pharmaceuticals Inc., 260 Littlefield
Avenue, South San Francisco, CA 94080.
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ress: Laboratory of Receptor Biology and Gene Expression, NIH/t
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CI, 41 Library Drive, MSC 5055, Bethesda, MD 20892-5055. Fax:
301) 496-4951. E-mail: mcnallyj@exchange.nih.gov.
416he study of 3-D cell motion. Development is relatively
imple: upon starvation, vegetative amoebae stop dividing and
ggregate to form a mound. The mound can form either a
tanding first finger that culminates directly into a fruiting
ody or a migratory slug that moves along the substratum and
ater stands up to form a fruiting body. During the early
ulticellular stages in Dictyostelium, cell motion is likely to
e important for at least two key processes: first, the segrega-
ion of prestalk and prespore cells to different positions in the
ound and slug, and second, the metamorphosis of the
ound into an elongate structure known as the slug.
The analysis of cell movement in Dictyostelium mounds
as been predominantly two-dimensional (Rietdorf et al.,
996; Durston, 1979; Eliot et al., 1993). Two seminal
ndings of this work are the discovery of optical-density
aves within the mound and the global patterns of cell
ovements correlated with these waves (Siegert and Wei-
er, 1995). Optical-density waves are visible due to varia-
ions in cell shape that give rise to different optical densi-
ies when a specimen is viewed with a modified form of
0012-1606/99 $30.00
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417Mound Cell Movement in Dictyosteliumdark-field optics (Alcantara and Monk, 1974). Under these
conditions, time-lapse imaging reveals a propagating wave-
front. During aggregation in a cell monolayer, this propa-
gating wavefront is the “cringe-and-crawl” response of cells
(Futrelle et al., 1982) toward waves of the chemoattractant
cAMP (Tomchik and Devreotes, 1981). cAMP may also
underlie dark-field waves in 3-D cell masses (Siegert and
Weijer, 1997), but this has not been demonstrated directly.
In mounds, optical-density waves occur in two main pat-
terns: concentric rings emanating from the mound center or
one- to many-armed spirals that rotate around a central
point. For either type of wave pattern, the bulk flow of cells
is toward the wave, so that waves and cells move in
opposite directions (Siegert and Weijer, 1995). Thus for
concentric waves, the cellular bulk flow is radially inward,
while for spiral waves the cellular bulk flow rotates around
some central point in the mound.
Previously, bulk cell-flow patterns were measured by an
optical flow technique, which averages the details of indi-
vidual cell motions (Eliot et al., 1993; Siegert et al., 1994). To
better characterize cell motion in the mound, we have per-
formed a 3-D analysis of individual cell trajectories in two
strains exhibiting different bulk flow patterns, radial for AX-2
and rotational for KAX-3. This analysis has revealed multiple
cell-motile behaviors, which cannot be explained solely by a
response to an optical-density wave. These alternate behaviors
may be used to define different cell classes that exhibit
functional differences in motility in the mound. These mul-
tiple motile behaviors demonstrate that optical-density waves
are insufficient to explain all cell motion in the mound.
We also examined the relationship between cell motion and
subsequent morphogenesis. We found that under appropriate
environmental conditions, mounds of either AX-2 or KAX-3
could be induced to form wave and cell movement patterns
characteristic of the other strain. This demonstrates that the
two types of wave patterns are interchangeable and that the
two strains therefore share many characteristics. These stud-
ies also revealed a correlation between cell movement pat-
terns in the mound and later development. Mounds exhibiting
rotational cell flows tended to form migratory slugs before
culminating to form a fruiting body, and mounds exhibiting
radial cell flows tended to culminate directly. This correlation
was preserved even when the strains were induced to exhibit
their alternate wave pattern. This suggests that wave patterns,
cell flow patterns, and the mode of slug development are in
some way coupled in these strains. However, this coupling is
not obligatory, as demonstrated by chimeric AX-2:KAX-3
mounds which exhibited rotational flows and culminated
directly.
MATERIALS AND METHODS
Construction and Transformation of GFP
Expression PlasmidPlasmid pAct15GFP was constructed by ligating the AgeI–SmaI
fragment from TU#65 (Chalfie et al., 1994) into the pDdGal-17
2
Copyright © 1999 by Academic Press. All rightvector that had been cut with XhoI, filled in, and then partially
digested with XmaI to give pDdGFP-17. The XbaI–BglII fragment
containing the actin 15 promoter from pAct15Luc (a gift from the
Cox lab, Princeton University) was then ligated into the same sites
in the pDdGFP-17 multiple cloning site. A similar plasmid using
GFP to drive expression of a redshifted version of GFP was a gift
from the Firtel lab (University of California at San Diego).
AX-2 and KAX-3 cells were transformed with plasmid DNA
using standard CaCl2 protocols (Nellen et al., 1987).
Cell Culture and Aggregation
AX-2 and KAX-3 cell lines were grown in HL-5 medium in petri
dishes at 18°C. Cells were harvested by centrifugation and washed
in phosphate buffer. Unlabeled cells were mixed with GFP-labeled
cells to give ;1% labeled cells in the mixture. The mixed cells
were adsorbed onto dialysis membranes (SpectraPor2; Spectrum)
on 1.5% water agar or phosphate agar plates. Cells were allowed to
develop at room temperature until aggregation started, when
membranes were quickly transferred to coverslips in humidified
data-collection chambers (Doolittle et al., 1995).
In order to induce direct culmination in the KAX-3 strain, cells
were plated at low density on 0.04 M phosphate-buffered agar, pH
6.5. Paper towels soaked in 1 M phosphate buffer, pH 5.0, were
taped in the petri dish lid. In order to induce formation of migratory
slugs in the AX-2 strain, cells were plated at high density on water
agar. It should be noted that although these were the conditions
used in this paper, we found that optimal conditions (i.e., buffer
concentration and cell density) varied slightly with different iso-
lates of our laboratory strains and with the conditions under which
they were grown.
Microscopy
3-D optical sectioning microscopic images were collected as
described in Doolittle et al. (1995). 3-D images were processed
using well-characterized deconvolution algorithms (Preza et al.,
1992; Conchello and McNally, 1996; McNally, 1994). Dark-field
waves were imaged using bright-field microscopy with the Nomar-
ski prism and analyzer pushed part-way in to create a partial
shadow on the mound. 2-D images were collected at 10- to 20-s
intervals.
Data Analysis
Tracks of individual cell movements were generated using
Ctrack, an automated cell-tracking program (Awasthi et al., 1994).
We used a polar coordinate system (R, u, z) to analyze cell motion.
he origin was defined as the center point of the mound projected
nto the mound’s base or, if a tip was present, as the position of the
ip projected onto the mound’s base.
To compute histograms for net cell displacement in z or R, we
racked 195 3-D trajectories from four AX-2 mounds and 181 3-D
rajectories from four KAX-3 mounds. To eliminate potentially
isleading data arising from very short cell tracks or from nearly
tationary cells, we culled cells whose total net displacement in
ny direction was less than a cell diameter. From the remaining
ata for each strain, we determined net radial displacement as the
ifference between a cell’s final and initial radial positions. Net z
isplacement was computed as the difference between a cell’s final
nd initial z positions. Because track lengths varied from 10 min to
h, we normalized net displacements in z or R to a 30-min period
before pooling these data to plot histograms.
s of reproduction in any form reserved.
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419Mound Cell Movement in DictyosteliumTo produce scatter plots for cell velocity as a function of either
vertical or radial location in the mound, we computed the velocity
for each time step within each cell path and then plotted it as a
function of the cell’s current vertical or radial position.
RESULTS
Our preliminary studies of 3-D cell motion in the mound
revealed a wide range of movements that varied (1) with the
particular stage of mound development, (2) with the aggre-
gation conditions, and (3) with the laboratory strain used. In
our strain collection, AX-2 and KAX-3 exhibited the most
disparate movement patterns. Even though cell movement
differed radically in mounds of these two strains, both
strains nonetheless formed fruiting bodies that were essen-
tially indistinguishable. To understand the spectrum of
possible motile behaviors in mounds, to identify conserved
features, and to characterize differences, we examined in
detail 3-D cell trajectories in mounds of the two strains.
AX-2 Cell Motion Is Primarily Random, Radial,
and Upward in the Mound
Tracking studies show that most AX-2 cells move with a
combination of random and radial motion (Figs. 1a–1f), and
this pattern remains largely unchanged over the course of
mound development. The principal directional movement
in these mounds is inward and upward, as determined by
viewing individual trajectories (Figs. 2a and 2b). These
trends were verified by a quantitative analysis of 195
trajectories, which showed that histograms for net radial or
Z displacement were skewed in the directions correspond-
ing to inward and upward movement (Figs. 3a and 3b).
All AX-2 mounds observed under our aggregation condi-
tions have concentric dark-field waves emanating outward
from the mound center. For any given wave, some cells
respond by moving directionally as the wave front passes,
but most cells do not. For any given cell, some waves
induce directional responses, but most waves do not.
FIG. 1. AX-2 cell motion (a–f) and KAX-3 cell motion (g–l) in
representative early (a,g), mid (b,h), and late (c,i) mounds for the AX-
mounds are shown directly below the corresponding bright-field im
In contrast, KAX-3 cells undergo a transition (k) from primarily ran
stages are classified based largely on mound morphology. Early mo
cells still entering at the periphery of the mound. Mid mounds clea
a number of aggregating cells entering the mound at its periphery.
perimeter. The cell trajectories displayed here are three-dimension
indicated by a small square. The first time point of every trajectory
white. The last time point of every trajectory is variable in gray scal
time periods end in white, while cells tracked for shorter duration
When cell positions overlap at successive time points, square
corresponding to earlier time points. As a result, some time points
were tracked as long as cells in (e), but fewer squares are visible in (d) bec
points is 1 min (d,e), 2 min (f), and 3 min (j,k,l). Scale bar, 20 mm.
Copyright © 1999 by Academic Press. All rightIn AX-2 we found two subpopulations of cells that move
ifferently from the majority (Figs. 4a and 4b). The first
ubpopulation is found throughout the mound and is charac-
erized by radially outward movement against the bulk flow
Fig. 4c). The second subpopulation is found in the mound tip,
here cells revolve around a central point (Fig. 4d). As the tip
rows, this domain of rotational cell movement also grows.
his movement may be the first appearance of the split into
ifferent domains that has been well documented in slugs:
ells in the tip, predominantly prestalk cells, undergo rota-
ional movement, while cells in the main body of the slug,
redominantly prespore cells, move parallel to the slug’s long
xis (Siegert and Weijer, 1992).
KAX-3 Cell Motion Is Primarily Random and Then
Rotational and Planar in the Mound
KAX-3 cells aggregate several hours sooner than AX-2
cells and exhibit very different motile behavior. In very
early KAX-3 mounds, cells usually have completely random
trajectories (Figs. 1g and 1j). As the mound begins to tighten
up, cells begin to move directionally until the entire mound
is turning rapidly (Figs. 1i and 1l). In some mounds, how-
ever, the random movement phase is bypassed and rotation
starts as soon as the mound is visible. Mounds in transition
between random and rotational movement have single-
armed spirals that break into multiarmed spirals as the
mound becomes tighter and all the cells rotate. Cell rota-
tion typically begins in the mound center and then gradu-
ally spreads to cells progressively farther from the center.
Although these mounds may form transient tips early in
development, they have no apical tip during the rapid
rotational phase. When rotation is in full swing, individual
trajectories are largely circular and planar with on average
no net tendency to move inward, outward, upward, or
downward (Figs. 2c and 2d). These observations were veri-
fied by a quantitative analysis of 181 trajectories which
showed that histograms for net radial or z displacement
were symmetric about the origin, demonstrating no overall
bias for radial or z motion (Figs. 3c and 3d).
nds at different developmental stages. Bright-field images show
,c) and KAX-3 (g,h,i) strains. Cell trajectories for comparably staged
X-2 cells move predominantly randomly and radially inward (d–f).
(j) to primarily rotational cell movement (l). Mound developmental
are loose aggregates only a few cells thick with many aggregating
rotrude as 3-D structures from the aggregation field, but still have
mounds have a well-developed slime sheath and a clearly defined
ut projected onto the xy plane. Cell position at each time point is
ored black, with successive time points colored progressively more
ending on the number of time points. Cells tracked for the longest
in some shade of gray proportional to the number of time points.
responding to later time points are superimposed on squares
bscured when cells do not move very far. For example, cells in (d)mou
2 (a,b
age. A
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are oause total cell displacement was small. The interval between time
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421Mound Cell Movement in DictyosteliumThe random motion seen in many early KAX-3 mounds is
FIG. 3. Quantitative analysis of 3-D trajectories from AX-2 (a,b) an
measured from four different AX-2 mounds at the mid-mound to la
is skewed to the left of zero, indicating a tendency for AX-2 cells t
time). The histogram (b) for net vertical displacement is skewed to
(i.e., the cells’ z coordinate or height in the mound increases with
our different late KAX-3 mounds. In contrast to AX-2, the histog
entered around zero. The tails of the histograms contain only a sm
or z. This implies that most trajectories in late KAX-3 mounds d
z). Rather typical trajectories in these mounds are circular and inquite striking in contrast to the directed streaming move-
ment that precedes it and the directed rotational movement
f
a
op, center of the mounds. (a,b) Interval between time points is 1 min, an
4 mm. (c,d) Interval between time points is 1.5 min, and the white-ou
Copyright © 1999 by Academic Press. All righthat follows. Because of differences in timing of mound
X-3 (c,d) mounds. Shown in (a,b) are data from 195 3-D trajectories
ound stage. Note that the histogram for net radial displacement (a)
ve radially inward (i.e., the cells’ radial coordinate decreases with
right of zero, indicating a tendency for AX-2 cells to move upward
). Shown in (c,d) are data from 181 3-D trajectories measured from
s for net radial displacement (c) and vertical displacement (d) are
ercentage of cells that show significant net displacements in either
spiral inward or outward (along R) or upward or downward (along
ne parallel to the substrate.d KA
te-m
o mo
the
time
ramormation, KAX-3 mounds switch to rotational movement
t about the same time AX-2 mounds arise. The movementFIG. 2. 3-D views of AX-2 (a,b) and KAX-3 (c,d) cell trajectories. AX-2 cells in late mounds tend to move radially inward and upward (drop
ines for selected trajectories in b are shown by white dotted lines to highlight the upward movement of these cells). In contrast, KAX-3
ell trajectories in late mounds tend to be circular when viewed from the top down (c), but when viewed directly from the side in an xz view
d), most KAX-3 trajectories remain, on average, in the same xy plane. Conventions for trajectories are as described in Fig. 1. The
hite-outlined box indicates the 3-D volume encompassed by the data, which is shown from two rotated views. The asterisk marks thed the white-outlined box enclosing the 3-D volume is 256 3 256 3
tlined box is 341 3 341 3 138 mm.
s of reproduction in any form reserved.
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423Mound Cell Movement in Dictyosteliumof cells in a late KAX-3 mound is much more uniform than
in AX-2 mounds, but one subpopulation of cells is quite
different: many mounds have cells in the top center of the
mound that remain stationary (Fig. 4f) while all the sur-
rounding cells rotate rapidly around it (Fig. 4e).
Cell Motion Patterns Are Correlated with Slug
Migration or Direct Culmination
We wondered whether the striking differences in motion
between AX-2 and KAX-3 strains were associated with any
morphological or behavioral differences between these
strains. Under our standard aggregation conditions, AX-2
cells tended to culminate directly via a tipped mound. In
contrast, KAX-3 cells formed untipped mounds and then
produced migratory slugs, which emerged with a tip that
formed at the mound periphery (Fig. 5). The ancestral strain
from which both of these axenic strains were derived, NC4,
FIG. 4. Subpopulations of cells in AX-2 and KAX-3 mounds show
trajectories from a typical, late AX-2 mound. Specific subsets of th
cells exhibit radially inward (b), radially outward (c), and roughly r
within this AX-2 tip is not as smooth or as circular as seen through
move around a central point (indicated by the white arrow). Matur
optical properties of the tip these cells are difficult to track. In KA
the majority. Shown are a top-view projection (e) and a side-view
motion is observed except for a cell (indicated by the black arrow)
the jiggling cell in (f) spans the same time (28 min) as the longest
FIG. 5. KAX-3 mounds do not form an apical tip, but rather a late
first-finger stage. Side views (xz) of an AX-2 mid mound show a poin
of a late KAX-3 mound shows a more hemispherical profile lacking
found to form tips at their perimeter (d). Led by this tip, the moun
(e,f). Times (in minutes) are shown beneath (c–f). Scale bars, 20 mmmany are hidden in (f). (See Fig. 1 for a detailed explanation of how traject
4 mm and in (e,f) is 341 3 341 3 138 mm. Interval between time poin
Copyright © 1999 by Academic Press. All rightas been shown to be very developmentally plastic. It can
evelop either via direct culmination or via the migratory
lug phase, depending on a variety of environmental factors
Raper, 1940), many of which may operate by influencing
he concentration of ammonia (Schindler and Sussman,
977).
By altering cell densities and the buffering capacity of the
lates on which cells were aggregated, we found that AX-2
nd KAX-3 retain their developmental plasticity (Fig. 6).
X-2 cells allowed to aggregate at high density on unbuf-
ered, water agar plates formed untipped mounds (Fig. 6a)
nd migratory slugs. KAX-3 cells allowed to aggregate at
ow density on 0.04 M phosphate agar plates, pH 6.5,
ormed tipped mounds (Fig. 6b) that culminated directly.
ell motion in these mounds also changed correspondingly:
he AX-2 mounds exhibited rotational motion (Fig. 6c), and
he KAX-3 mounds instead showed more random and some
adial motion (Fig. 6d). These results suggest that the
avior different from the majority of cells. (a) A collection of 3-D
ajectory set are extracted and displayed separately in (b–d). These
onal motion within this early tip (d). Note that rotational motion
AX-3 mounds (e). Nevertheless, cells within nascent tips of AX-2
-2 tips exhibit more obvious rotational motion, but because of the
ounds (e,f), cells at the apex also exhibit behavior different from
ction (f) of trajectories in a late KAX-3 mound. Typical rotational
the mound apex which jiggles mostly in place. The trajectory for
, but because squares at successive time points are superimposed,
ip that often leads to direct slug migration, bypassing the standing
profile leading to tip formation (a), whereas a comparable side view
pical tip (b). When viewed from the top (xy), KAX-3 mounds (c) are
n elongates into a slug that remains in contact with the substratebeh
is tr
otati
out K
e AX
X-3 m
proje
near
in (e)ral t
ted
an aories are displayed.) The white-outlined box in (a–d) is 256 3 256 3
ts is 2 min (a–d) and 1.5 min (e,f).
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425Mound Cell Movement in Dictyosteliumpredominant cell movement patterns are not explicitly
strain dependent, but rather are one aspect of a set of
associated phenotypes that include mound morphology and
mode of culmination.
AX-2/KAX-3 Chimeric Mounds Show Rotational
Rather Than Radial Motion
AX-2 cells could also be induced to rotate under standard
buffering conditions by mixing them with KAX-3 cells. We
looked at chimeric mounds comprised of several different
AX-2::KAX-3 proportions. Mounds containing ;20% la-
beled AX-2 cells mixed with ;80% KAX-3 cells showed
behavior like KAX-3 in timing, morphology, rotational cell
movement, and tendency to form migratory slugs. Mounds
containing approximately equal proportions of AX-2 and
KAX-3 cells were intermediate between AX-2 and KAX-3
with respect to time of aggregation and the proportion of
migratory vs standing slugs, but were like KAX-3 in mor-
phology and rotational cell movement. Mounds containing
,10% labeled KAX-3 cells mixed with a majority of AX-2
cells aggregated later still and formed fewer migratory slugs,
but engaged in rapid rotational cell movement (Fig. 7).
These results demonstrate that the coupling between rota-
tional motion and migratory slug formation is not obliga-
tory. These mixing experiments also demonstrate that the
speed and direction of cell movement in the mound is not a
cell-autonomous decision, but can be directed by a small
minority of cells.
KAX-3 Motion Is Position Dependent While AX-2
Motion Is Not
For the AX-2 strain, we found no correlation between cell
velocity and cell position in the mound. Scatter plots of
velocity vs z (Fig. 8b), or velocity vs radius (Fig. 8a), were
ssentially flat with points spread about a mean AX-2 cell
elocity of 2.8 mm/min. One likely exception to these
bservations is for those cells found in the AX-2 tip. These
ells are not well represented in the scatter plots because
hey are few in number and because the optical properties of
he tip make them difficult to track; however, in the few
ases in which we obtained good tracks, tip cells moved
aster than any other cell tracked in that mound (.5
mm/min).
FIG. 6. AX-2 and KAX-3 are developmentally plastic. When aggr
ntipped mounds (a—xz view) that progress into migratory slugs. C
KAX-3 cells are aggregated under well-buffered conditions (on 0
phosphate-soaked paper towels taped in the lid), they form tipped m
irectly. Cell motion in these “buffered” KAX-3 late mounds is n
nward (red arrows) or radially outward (yellow dots) behavior. Int
FIG. 7. KAX-3 cells regulate the movement of AX-2 cells. Chimeric
cells show rotational motion of both cell types (a,b). Data from two dif
fluorescently tagged, and in the other (b), KAX-3 cells were fluorescently t
Copyright © 1999 by Academic Press. All rightFor the KAX-3 strain, we also found no dependence of
elocity on vertical position in the mound: the scatter plot
f velocity vs z (Fig. 8d) was flat with points spread about a
ean velocity of 13.8 mm/min. Note that this mean veloc-
ty for KAX-3 is nearly fivefold faster than that for AX-2. In
ontrast to the other scatter plots, the plot for velocity vs
adius for KAX-3 cells (Fig. 8c) was not flat, but rather more
riangular in profile. This profile arises because at a particu-
ar radial position in the mound, KAX-3 cells exhibited a
ange of velocities, but the maximum possible velocity
ncreased as a cell was located farther and farther from the
ound’s center. This demonstrates that some KAX-3 cells
djust their velocity to their radial position. Taken to-
ether, these data for KAX-3 imply that for any particular
adial position, cells in a KAX-3 mound are moving at the
ame average velocity independent of height in the mound
nd that the mean velocity of KAX-3 cells increases with
istance from the mound center.
DISCUSSION
Our analysis of individual cell movements during the
mound stage of Dictyostelium development has revealed
ore complexity than previously reported. In the two
trains examined, most mound cells moved in concordance
ith the optical-density waves most of the time, but there
ere significant populations of cells that deviated from this
ule, and these populations may have important develop-
ental roles. In the two strains examined, we also found
ifferences in mound-cell movement that were correlated
ith whether the mound proceeded to fruit directly or first
ormed a migratory slug. This correlation was preserved
hen buffering conditions were altered to induce one strain
o behave like the other, but was broken when the two
trains were mixed to produce chimeric mounds.
Categories of Cell Movement in Mounds
Our observations of individual cell movements have
allowed us to classify motile behaviors in mounds. In some
cases, cells in different parts of the mound move differently,
possibly reflecting local differences in cell–cell signaling. In
other cases, adjacent cells exhibit different or even opposite
movements, indicating that these cells have underlying
differences and may be functionally distinct populations.
d at high density on unbuffered agar plates, AX-2 cells can form
otion in these late mounds is now rotational (c). In contrast, when
phosphate agar, pH 6.5, in a petri dish with 1.0 M, pH 5.0,
s (b—xy view of mound with tip marked by arrow) that culminate
ger rotational (d) and instead exhibits some random and radially
between time points is 2 min. Scale bars, 20 mm.
ds composed of less than 10% KAX-3 cells and more than 90% AX-2egate
ell m
.04 M
ound
o lon
erval
mounferent late mounds are shown. In one mound (a), AX-2 cells were
agged. Interval between time points is 2 min. Scale bars, 20 mm.
s of reproduction in any form reserved.
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moves in the opposite direction of the optical-density
waves. In AX-2 mounds, these cells exhibit radially inward
movement counter to the concentric optical-density waves
normally emanating from the center of an AX-2 mound. In
late-stage KAX-3 mounds, these cells exhibit rotational
movement counter to the multiple-armed spiral waves
rotating around the KAX-3 mound’s center. These observa-
tions are consistent with earlier studies that demonstrated
FIG. 8. AX-2 cell velocity is independent of position, whereas ma
velocity are shown for each strain either as a function of the radial
0% corresponds to the base of the mound). Velocities were com
trajectories (see Materials and Methods). AX-2 mounds were at mi
significant increase in KAX-3 vs AX-2 velocities. The only plot sh
maximal velocity increases in proportion to R.a tight correlation between wave pattern and bulk cell
movement (Siegert and Weijer, 1995; Rietdorf et al., 1996).
Copyright © 1999 by Academic Press. All rightOur observations do not address the question of whether
these optical-density waves induce the bulk cell-flow pat-
terns or are a consequence of them. The former model,
however, does not completely explain our observations of
rotational motion in KAX-3 cells, in which we found that
cell velocities increase in proportion to radial position, even
though cells at different radial positions see the same
number of optical-density waves. If the optical-density
waves induce cell motion, then in KAX-3 some additional
l KAX-3 cell velocity is proportional to radius. Scatter plots of cell
ions of cells in the mound or as a function of mound height (where
d at each time step from 195 AX-2 trajectories and 181 KAX-3
late stage, and all KAX-3 mounds were at the late stage. Note the
g position dependence is velocity vs R for KAX-3 cells, in whichxima
posit
pute
d or
owinfactor must be present to adjust some cell velocities to
radial position.
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427Mound Cell Movement in DictyosteliumIn addition to those cells that moved counter to dark-field
waves, we also observed a much smaller subset of cells in
both strains that moved with the dark-field waves. Such
cells were routinely observed in AX-2 as a small population
which moved radially outward, instead of inward. Occa-
sionally, comparable cells were seen in KAX-3 mounds,
where some cells rotated counter to the predominant rota-
tional flow, particularly as the flow was arising. A trivial
explanation is that such cells are passively displaced by
more vigorous, neighboring cells. However, these cells do
not appear to be moving passively. Rather, they move along
clear counterdirectional paths with velocities comparable
to those of cells moving in the preferred direction. A better
explanation for counterdirectional movement is that these
cells are responding to the back side of the dark-field wave
signal (Futrelle, 1982; Varnum-Finney et al., 1987). Another
explanation is that a small but significant population of
cells is repulsed by signals that are chemoattractants for
most cells.
Another category of cell motion that we observed in both
strains was random movement. In AX-2, this random mo-
tion was present throughout mound development and in
general was superimposed on the radially inward trend. In
KAX-3, random motion occurred in early mounds and gave
way to very directed, rotational motion. A similar delay in
directional response has also been observed in early AX-3
mounds (Dormann et al., 1996). Since in all of these cases,
andom motion occurs when optical-density waves are
resent, it implies a degree of uncoupling between the cell’s
ringe response (which makes the wave visible) and the
ell’s motile response to the signal.
In KAX-3 (this study) and AX-3 (Dormann et al., 1996),
his uncoupling occurs suddenly as cells enter the mound
nd then ends almost as abruptly as rotational movement
nsues. This suggests a transitional period in these strains
n which cells must acquire the correct machinery to move
ppropriately within the mound. Perhaps during this pe-
iod, cells must adapt to qualitatively or quantitatively
ifferent signals in the mound and/or to the motile and
echanical challenges of moving within a 3-D cell mass
Sukumaran et al., 1998). For example, in aggregating cells,
seudopods raised off the substrate are the most sensitive to
AMP (Soll and Wessels, personal communication), but as
ells enter a mound where pseudopods are always in con-
act with other cells, some other mechanism for directional
esponse to a signal must be acquired. Interestingly, AX-2
ounds show no such transitional period, but their delayed
ggregation relative to KAX-3 may allow enough time for
hem to express the appropriate genes before mounds form.
Yet another class of cells that moved differently in both
ounds were those found at the mound apex. This may
eflect special properties of the mound apex, since this is
he one case in which we found a class of cell motion
ssociated with a specific location in the mound. In late
AX-3 mounds, when most cells are rotating vigorously, a
mall population of cells near the apex remains stationary.
hese cells may simply have become attached to the slime
w
p
Copyright © 1999 by Academic Press. All rightheath. Alternately, they could be a developmentally sig-
ificant population, such as cells involved in the initiation
f optical-density waves. In the apex of late AX-2 mounds,
e also observed a special population of cells that moved
ifferently from the majority. These were cells in the
ound tip, which moved rotationally. As the tip grew, the
umber of rotating cells increased. This could reflect a basic
roperty of all tips, namely that cells rotate within them
Siegert and Weijer, 1992).
Coupling of Developmental Phenotypes
We found that the predominant cell movement patterns
in mounds were correlated with several other developmen-
tal features, including how quickly cells aggregated,
whether an apical mound tip formed or not, and whether
culmination was direct or indirect. In general, AX-2 cells
aggregated later, exhibited a mixture of random and radially
directed movement in a mound that formed a centrally
located tip, and then culminated directly. In contrast,
KAX-3 cells aggregated sooner, exhibited random move-
ment in the early mound and fast rotational movement in a
late mound that lacked an apical tip, and then formed a
migratory slug.
These developmental phenotypes are to some extent
coupled. By altering buffering and cell densities during
aggregation, we found that each strain could exhibit behav-
ior more characteristic of its counterpart. The attributes of
a particular strain changed coordinately, suggesting that
aggregation time, cell movement patterns in the mound,
mound morphology, and culmination can be coupled. Our
studies of chimeric mounds suggest that some of this
coupling may be mediated by a diffusible factor, since a low
percentage of KAX-3 cells (,10%) seeded into an AX-2
mound yielded spiral waves and rotational motion of all
cells. These same mixing experiments showed that these
developmental phenotypes are not obligatorily coupled. For
example, rotating mounds could produce a slug that culmi-
nated directly. This demonstrates that the coupling of
developmental phenotypes is not absolute or obligatory.
Functions of Different Cell Motions
The various motile behaviors observed in mounds may be
involved in at least two processes: the sorting of prestalk
and prespore cells and the metamorphosis in mound shape
that ultimately leads to a slug.
It is easy to see how some of the motions we observed in
mounds could be involved in prestalk/prespore cell sorting.
In AX-2 mounds, the radially outward motion could reflect
the sorting of one set of prestalk cells to the mound
circumference (Howard et al., 1992; Early et al., 1995), the
inward and upward motion could reflect the sorting of
another set of prestalk cells to the nascent tip (see, for
example, Williams et al., 1989), while the majority of cellsith primarily random motion could comprise the prespore
opulation. In contrast, in KAX-3, the prominent direc-
s of reproduction in any form reserved.
428 Kellerman and McNallytional motion (planar rotation) does not appear to be asso-
ciated with any established cell-sorting pattern. For both
strains, definitive conclusions about sorting will require
tracking individual cell types.
Is mound-cell motion involved in slug formation and sub-
sequent morphogenesis? Our observations suggest that these
features are normally associated, at least in the two strains we
examined. Inward and upward movement in AX-2 was corre-
lated with direct culmination, and rotational motion in
KAX-3 was correlated with slug migration. This correlation
was preserved even when slug culmination mode was altered
by changing buffering conditions, suggesting that the coupling
between mound-cell motion and mode of culmination was
not coincidental. These two strains, however, represent end-
points on a continuum of developmental phenotypes. Inter-
mediate behaviors that we have observed in other strains
include: (1) aggregation at intermediate times, (2) intermediate
cell velocities in the mound, (3) a late or incomplete transition
from primarily random to rotational cell motion, and (4)
mounds that form tips and standing first fingers, which in
some cases fall over to produce migratory slugs. We created a
series of such intermediate phenotypes by mixing varying
percentages of KAX-3 cells and AX-2 cells to generate, for
example, mounds with rotational cell motion that produced a
tip and in some cases culminated directly. Thus our data
suggest that mound-cell motion is a predictor of direct culmi-
nation or migratory slug formation only at the extreme ends of
this spectrum of developmental behaviors, while intermediate
behaviors in the spectrum give rise to mixed outcomes of slug
migration or direct culmination. It is unclear whether the four
enumerated developmental phenotypes are influenced by a
common regulatory mechanism or if each one is controlled
independently by external cues. The ability of a minority of
cells to control the speed and direction of all the cells in a
chimeric mound suggests that at least these two characteris-
tics can be controlled via cell–cell communication.
Although the association between mound-cell motion
and slug culmination is complex, it is easy to see how the
directional motions in AX-2 and KAX-3 could be associated
more directly with changes in mound shape. The inward
and upward motion of cells in AX-2 mounds is consistent
with the formation of a mound whose diameter decreases
and whose height increases over time, eventually convert-
ing to an upright finger, as is typically observed for AX-2
mounds. Similarly, the planar motion in KAX-3 is consis-
tent with the formation of a mound whose height does not
change appreciably, as is typically observed for KAX-3
mounds. Thus for both AX-2 and KAX-3, mound-cell mo-
tion is well correlated with mound morphology.
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